infections in mice and chickens, with little difference in viral titers in organs, mean lethal dose, or intravenous pathogenicity index. These findings demonstrate that a PDZ domain ligand sequence in NS1 contributes little to the virulence of H5N1 viruses in these hosts, and they indicate that this motif modulates viral replication in a strain-and host-dependent manner.
The transmission of highly pathogenic avian influenza A viruses (HPAIV) of the H5N1 subtype to humans since the year 1997 has caused a high mortality rate of almost 60% (62) . Patients infected with H5N1 influenza virus developed mainly severe respiratory disease, characterized by fever, cough, shortness of breath, and pneumonia, that frequently progressed to acute respiratory distress syndrome (ARDS) and multiorgan failure (28, 68, 69) . In fatal cases, the median time from onset to death was 9 to 10 days (1) . Systemic spread (18) and hypercytokinemia (11) have been described as possible disease-aggravating factors of HPAIV-H5N1 viruses, but the reasons for their high virulence in humans are incompletely understood.
Due to the potential pandemic threat presented by H5N1 viruses, there is great interest in the identification of viral virulence determinants and their mode of action. This is critical not only for a better understanding of the pathogenic mechanisms induced by these viruses but also for the development of new drugs to treat the infections. The high virulence of HPAIV-H5N1 isolates in the avian host correlates with the presence of a polybasic cleavage site in the hemagglutinin (HA), facilitating its intracellular cleavage by furin-like proteases (27, 50) . Further, amino acid substitutions in the PA protein (T515A) (30) and in the NS1 protein (V149A) (40) have been reported to regulate the virulence of corresponding HPAIV-H5N1 isolates in ducks and chickens. The known molecular determinants of virulence in mammalian hosts also include the polybasic cleavage site in the HA (23) and several polymorphisms in the PB2 polymerase subunit and the proapoptotic PB1-F2 protein. Thus, a serine residue at position 66 in the PB1-F2 protein increased viral replication and decreased survival in the mouse model (9) . Also, specific amino acid polymorphisms within PB2 (E627K or D701N) can increase virulence in mice (23, 39) and viral replication in mammalian cells (7, 57, 58) . Furthermore, the nonstructural NS1 protein, which has a major function in the inhibition of type I interferon (IFN) (17, 19) and in the limitation of the antiviral effects of IFN-induced proteins, including PKR (4, 22) , OAS/ RNase L (45) , and RIG-I (16, 48, 63, 64) , contributes to virulence in mammals (34, 55) .
The domain structure of the NS1 protein is well characterized; it includes an N-terminal RNA binding and dimerization domain and a nuclear localization signal (NLS) at positions 34 to 38 (summarized in reference 19) . The NS1 proteins of most human strains circulating between 1950 and 1986 also contain a second NLS at positions 219 to 227 (NLS-2), which includes four conserved basic amino acids (K219, R220, R224, R227) (44) . A large-scale sequence analysis showed that the NS1 proteins of avian and human influenza viruses differ in their C-terminal sequences, indicating possible differences in the associated activity (46) . Among most high-and low-pathogenicity avian influenza viruses, the last four NS1 amino acids consist of the conserved sequence ESEV (3,007 of 3,692 isolates described in the NCBI database [3] ), while for the majority of seasonal human influenza viruses, the motif RSKV is typical (1,911 of 2,713 isolates). Significantly, only the NS1 protein carrying the "avian" ESEV motif interacted in vitro with 24 cellular factors carrying a PDZ (postsynaptic density protein 95, Drosophila disc large tumor suppressor, and zonula occludens 1 protein) domain. The human genome encodes at least 214 proteins containing one or more of these protein interaction modules that recognize short peptide motifs, which are most often present at the C termini of their targets (36, 38) . Many PDZ domain proteins have been shown to mediate the formation and localization of higher-order complexes and to participate in various cellular signaling events regulating, for instance, cell polarity and neuronal function (31) . Therefore, it was hypothesized that the abundant expression of "avian" NS1 protein capable of interacting with human PDZ domains could possibly disturb their function and aggravate disease severity in H5N1 infections (46) . However, there is only limited experimental support for the universal validity of this hypothesis. The grafting of the "avian" ESEV sequence into the C terminus of NS1 protein expressed by mouse-adapted influenza A/WSN/33 virus (H1N1) decreased the mean lethal dose by about 1 order of magnitude (32) . Still, it is not clear to what extent this motif contributes to the virulence of HPAIV-H5N1 and other natural influenza A viruses in avian and mammalian hosts.
The goal of the present study was to elucidate the role of the C-terminal NS1 motif in viral replication and disease caused by the prototypic influenza A/Vietnam/1203/04 (VN/1203) virus, isolated in a fatal human case (60) . This virus expresses an NS1 protein that is very similar or identical at positions 1 to 215 to homologues expressed by other HPAIV-H5N1 strains but naturally lacks the 10 C-terminal amino acids (aa), including the terminal ESEV motif, due to a premature stop codon ( Fig. 1 ). We used reverse genetics to produce a recombinant VN/1203 wild-type (WT) virus and two variants with reconstituted NS1 C termini ending either with the "avian" ESEV or with the "human" RSKV sequence. Experimental infections of mice and chickens revealed that all three viruses caused highly lethal infections in both species, with only moderate differences in viral titers in the organs of the mice. Thus, we show that the C-terminal ESEV motif of the NS1 protein contributes little to the virulence of H5N1 viruses in mice and chickens, and we suggest that this motif modulates viral virulence in a strain-and host-dependent manner.
MATERIALS AND METHODS

Cells and viruses. Human 293T embryonic kidney cells and human A549 lung epithelial cells were grown in Dulbecco's modified Eagle's medium (D-MEM)
supplemented with 10% fetal bovine serum and antibiotics. Mouse NIH 3T3 fibroblasts were grown in 2ϫ D-MEM supplemented with 10% fetal bovine serum plus antibiotics. The EFB-R1 duck embryo fibroblast (DEF) cell line was obtained from the cell bank at the Friedrich-Loeffler-Institute (Insel Riems, Germany) and was maintained in D-MEM supplemented with 10% fetal bovine serum. Primary chicken embryo fibroblast (CEF) cultures were prepared from 11-day-old embryonated eggs and grown in D-MEM supplemented with 10% fetal bovine serum. All cells were incubated at 37°C under 5% CO 2 . Stocks of the influenza A virus strains A/Panama/2007/99 (H3N2) and A/PR8/34 (H1N1) were grown in 10-day-old embryonated chicken eggs and titrated on MDCK cells by plaque assays. The recombinant A/PR8 delNS1 virus was amplified in 6-day-old embryonated chicken eggs (41) . The allantoic fluid collected from inoculated eggs was harvested, divided into aliquots, and stored at Ϫ80°C until use.
Construction of plasmids. For the generation of a plasmid-based reverse genetic system of A/VN/1203, the complete cDNAs of the PB1 (GenBank accession number EF467808), PB2 (EF467805), PA (AY818132), and NP (AY818138) segments were synthesized by a commercial supplier (Geneart, Regensburg, Germany), while the cDNAs of the remaining segments-HA, NA, M, and NS-were prepared by reverse transcription-PCR (RT-PCR) using viral RNA obtained from the World Influenza Centre at the National Institute for Medical Research, London, United Kingdom. Viral cDNAs were cloned into the pHW2000 vector as described previously (26) , and Stratagene's QuikChange site-directed mutagenesis kit was used to generate the NS1-ESEV and -RSKV mutant alleles.
Generation of recombinant influenza A/VN/1203 viruses. Plasmids coding for the eight viral gene segments were transfected into human 293T cells using Lipofectamine 2000 (Invitrogen). Cells were incubated at 37°C for 24 h, and supernatants of transfected cells containing the recombinant viruses were passaged in the allantoic cavities of 10-day-old embryonated chicken eggs for 36 h. The virus titers were determined by plaque assays on MDCKII cells. To confirm the identity of the rescued viruses, viral RNA was extracted and analyzed by RT-PCR and cycle sequencing. Virus rescue and all subsequent experiments were conducted under the biosafety level 3 conditions approved for work with these viruses by local authorities.
Replication assay. A549, NIH 3T3, and Vero cells, DEFs, and CEFs were infected with WT, ESEV, and RSKV viruses at the multiplicities of infection (MOIs) indicated in the figure legends and were incubated in D-MEM-0.2% bovine albumin containing 1 g/ml trypsin (Sigma). Supernatants were collected at the indicated time points and were titrated by plaque assays on MDCKII cells.
Immunoblot analysis of viral protein levels in infected A549 cells. A549 cells were infected at a multiplicity of 5 with WT, ESEV, and RSKV viruses. Cells were lysed 2, 4, 8, 12, 16, and 24 h postinfection (hpi), and the lysates were subjected to immunoblot analysis under identical conditions using rabbit anti-NS1, goat anti-PB1, and mouse anti-A/NP antibodies, with a monoclonal anti-␤-actin antibody (Sigma) as a loading control.
Microscopic analysis of the intracellular localization of NS1 proteins in transfected and infected cell cultures. Human A549 cells were transfected with pHW2000 plasmids encoding the NS1 proteins of A/VN/1203-WT, -ESEV, or -RSKV viruses. Twenty-four hours later, cells were prepared for microscopic analysis as described previously (54) ; subsequently, they were stained with an NS1-specific rabbit antiserum, followed by detection with goat anti-rabbit IgG conjugated with Alexa Fluor 488 dye as a secondary antibody (Invitrogen). To study NS1 localization during infection, A549 cells, DEFs, and CEFs were infected with WT, ESEV, or RSKV virus at a multiplicity of 2 and were stained with an NS1-specific antiserum as described above. Imaging of cells was done on an LSM510 Meta confocal laser scanning microscope equipped with a C-Apochromat 63ϫ (numerical aperture, 1.2) water objective lens (Zeiss, Jena, Germany) as described elsewhere (54) . Data were analyzed and processed by the Zeiss LSM Image Browser (version 3.5) and Adobe Photoshop (version 4.0) software packages.
Analysis of IFN-␤ promoter activity in infected cells. IFN-␤ promoter activity in infected cells was analyzed as described previously (10) . Briefly, MDCKII cells were transfected with the IFN-␤ promoter luciferase reporter plasmid p125-Luc and an expression plasmid for the VN/1203-NS1 WT, -ESEV, or -RSKV protein or an empty vector (pHW2000). In all assays, plasmid pRL-TK-Luc, encoding constitutively expressed Renilla luciferase, was cotransfected and used as an internal control to normalize the results. One day posttransfection, cells were stimulated by infection with the A/PR8 ⌬NS1 virus at an MOI of 1 or were mock treated. Luciferase activities in cell extracts were determined 8 hpi. The value for a virus-induced increase in vector-transfected cells was arbitrarily set to 100% and compared to the induction observed in NS1-expressing cells. The NP protein was detected by immunoblotting to confirm the infection by the virus lacking the NS1 gene (delNS1 virus).
Quantification of IFN-␤ secretion. A549 cells were infected at an MOI of 0.01. Following infection, cells were incubated at 37°C in D-MEM-0.2% bovine albumin containing 1 g/ml trypsin, and the supernatants were harvested at 24 and 48 hpi. Samples were analyzed with a commercial IFN-␤ enzyme-linked immunosorbent assay (ELISA) as recommended by the manufacturer (Invitrogen).
Animal experiments. All mouse and chicken infectivity experiments were approved by the local committees and were conducted in accordance with national guidelines for the care and use of laboratory animals. BALB/c mice were bred in VOL. 84, 2010 ROLE OF NS1 PROTEIN IN AVIAN INFLUENZA VIRUS VIRULENCE the animal facility of the Federal Institute for Risk Assessment (Berlin, Germany). Specific-pathogen-free chickens were purchased from Lohmann Tierzucht (Cuxhaven, Germany). Groups of six 7-week-old female BALB/c mice were anesthetized with isoflurane and were inoculated intranasally with different dilutions of the WT, ESEV, or RSKV virus using 5, 10, 10 2 , or 10 3 PFU per mouse in a volume of 50 l to determine the mean lethal dose. Mice were monitored for signs of disease, and their body weights were measured daily. According to the approved protocols, mice had to be euthanized when weight loss exceeded 20% of the initial value and/or when severe clinical symptoms became apparent. To study the viral load and spread to organs, the lungs, brains, hearts, spleens, kidneys, and livers of euthanized mice were aseptically prepared. The collected tissues were homogenized using a FastPrep-24 homogenizer (MP Biomedicals) and were titrated by standard plaque assays. For pathohistological analysis, parts of the collected lungs were fixed, dehydrated, and embedded in paraffin. Samples were stained with hematoxylin and eosin (H&E) or with a polyclonal goat anti-influenza A virus antibody (Serotec OBT 1551), followed by development with a suitable secondary IgG conjugated to horseradish peroxidase. The virulence of the recombinant viruses in chickens was compared by determination of the intravenous pathogenicity index (IVPI) according to the standard OIE protocol (65) . Groups of 6-week-old, specific-pathogen-free chickens were infected intravenously with 10 4 PFU of recombinant WT, ESEV, or RSKV virus, and the mean clinical score was recorded. Infected animals were clinically scored daily as 0 (healthy), 1 (sick), 2 (severely sick), or 3 (dead). Groups of five 6-week-old chickens were also infected by the intranasal route with 10 4 PFU of recombinant WT, ESEV, or RSKV virus. Oropharyngeal and cloacal swab samples were collected daily in D-MEM supplemented with 5% fetal calf serum and antimicrobial drugs. All individual swabs were tested by a real-time RT-PCR (rRT-PCR) specific for subtype H5N1 (25) , and the genomic load was semiquantified by the threshold cycle (C T ) value.
RESULTS
Generation of recombinant H5N1 VN/1203 influenza viruses.
The VN/1203 virus expresses an NS1 protein of 215 aa that, due to a premature stop codon, lacks the C-terminal 10 aa The C-terminal sequences of the WT and elongated mutant NS1 proteins are given, and the PL motif is shown in boldface. (B to E) Human A549 alveolar cells, murine NIH 3T3 fibroblasts, chicken embryo fibroblasts (CEFs), or EFB-R1 duck embryo fibroblasts (DEFs) were infected with recombinant VN/1203-WT, -ESEV, or -RSKV viruses at an MOI of 0.001. Aliquots of supernatants were harvested at the indicated time points, and samples were titrated by plaque assays in MDCK cells. (F) Human A549 cells were infected at an MOI of 2, and virus titers in supernatants taken at the indicated time points were determined by plaque assays. Results are averages for at least two independent experiments with biological duplicates. Error bars indicate standard deviations.
including the PDZ ligand domain (PL) present in the NS1 proteins of most other avian influenza A viruses ( Fig. 1A) . To study the role of the PL motif for viral pathogenicity, we generated an eight-plasmid set for the rescue of recombinant VN/1203 virus. In addition to wild-type virus, we produced two variants engineered to express a reconstituted full-length NS1 protein of 225 aa ending either with the typical "avian" consensus motif ESEV or with the RSKV sequence, which is present in human influenza viruses (Fig. 1A) . The E222R amino acid substitution in the NS1-RSKV protein unavoidably changes the amino acid at position 70 in the NS2/nuclear export protein, which is encoded in an overlapping reading frame, from serine to glycine.
The ESEV PL motif reduced viral growth on human, murine, and duck cells but not on chicken embryo fibroblasts. To study the contribution of the C-terminal sequence to viral replication in vitro, we compared the multicyclic growth of the VN/1203-WT, -ESEV, and -RSKV viruses in human A549 epithelial cells, murine NIH 3T3 fibroblasts, chicken embryo fibroblasts (CEFs), and EFB-R1 duck embryo fibroblasts (DEFs) ( Fig. 1B to E). This analysis showed that the presence of the ESEV motif compromised viral growth in human and murine cells by more than 1 order of magnitude in comparison to the growth of the WT and the RSKV variant. In addition, we observed a slightly delayed growth kinetic for the RSKV virus compared to the WT. Interestingly, the replication kinetics of the three recombinant viruses on duck cells resembled their growth behaviors in the mammalian cells, with reduced titers of the ESEV variant, but little difference was observed on chicken fibroblasts ( Fig. 1D and E). A less pronounced but visible reduction in the growth of the ESEV variant was also apparent in monocyclic infections of human A549 cells, indicating that the basic level of replication of this variant was decelerated compared to that of the WT (Fig. 1F ). However, only small differences were found in the accumulation levels and kinetics of the viral NS1, NP, and PB1 proteins for the three viruses in human cells infected at a high multiplicity ( Fig.  2) . Taken together, these findings indicate that the presence of the PL motif reduces the capacity of the NS1 protein to support viral replication in a species-specific manner.
The PL motif modulates intracellular localization of the NS1 protein in human but not in avian cells. It has not been determined whether the C-terminal amino acids of the truncated NS1 of VN/1203 exhibit NLS activity (44) . However, by using fluorescence microscopy, we considered the possibility that the C-terminal elongation in the NS1-ESEV and -RSKV proteins could alter their trafficking to the cell nucleus and influence their activity. First, we localized the three NS1 proteins, expressed from transfected plasmids, in human A549 cells and found that they accumulated indistinguishably in the nucleoplasm, excluding the nucleoli (Fig. 3 ). Next, we immunolocalized the NS1 proteins in human, chicken, and duck cells infected with the three recombinant viruses from early to late time points of infection (4 to 12 hpi). Interestingly, we observed marked differences in NS1 localization from that in transfected cells; also, the trafficking of the different NS1 proteins differed slightly in human but not in avian cells (Fig. 3) . The WT protein was located both in the cytoplasm and in the nucleoplasm at 4 hpi in human cells but was hardly detectable in the nucleus at later time points, indicating that NS1 localization to the nucleus was regulated during infection. Similarly, the reconstituted full-length NS1-ESEV protein localized mainly to the cytoplasm but remained detectable in the nuclear compartment during the whole observation period. However, only a very small fraction of the full-length NS1-RSKV protein localized to the nucleus in human cells at all time points, although it retained four basic amino acids important for NLS-2 activity (K214, R215, R219, R222). In contrast, we observed no differences in the mainly cytosolic localization of the three viral NS1 proteins in chicken and duck fibroblasts, in which a minor fraction, remarkably, was also detected in the nucleoli (Fig. 3) . This finding indicates that the nuclear accumulation of the NS1 protein is also controlled in avian cells. The distribution of the NP protein during infection showed similar patterns for WT, ESEV, and RSKV viruses in human and avian cells (data not shown).
The WT and variant NS1 proteins suppress viral IFN-␤ induction. A main function of the NS1 protein is to suppress the activation of the type I IFN genes, which is governed by the RIG I sensor protein for viral genomic RNA (16, 48) . The observed differences in NS1 localization in human and avian cell cultures raised the question of whether all NS1 variants inhibited IFN-␤ induction to the same extent. To address this question, we first investigated the ability of the NS1 proteins to inhibit the viral activation of the IFN-␤ gene (Fig. 4A ). MDCK cells were cotransfected with an IFN-␤ promoter luciferase reporter plasmid and one of the corresponding NS1 expression plasmids and were subsequently stimulated by infection with a mutant influenza virus lacking the NS1 gene (delNS1 virus). In this assay, all three H5N1 NS1 proteins were equally able to inhibit viral activation of the IFN-␤ promoter as efficiently as the NS1 of the A/PR/8/34 strain, which served as a positive control ( Fig. 4A) (41) . Equal expression of NS1 proteins and infection of cells by the delNS1 virus were confirmed by immunoblot analysis (Fig. 4B) .
In order to test whether the HPAIV-H5N1 WT and variant NS1 proteins differed in their capacities to suppress IFN induction during virus infection, human cells were infected at a low multiplicity with the influenza VN/1203-WT, -ESEV, or -RSKV virus, and IFN-␤ levels in the supernatants were determined by ELISA at 24 and 48 hpi. As a control, cells were infected with a seasonal H3N2 strain (A/Panama/2007/99). Interestingly, we detected 130 to 150 IU/ml of IFN-␤ in the supernatants of VN/1203-WT or -RSKV virus-infected cells (Fig. 4C) . The IFN-␤ levels in samples collected from ESEV virus-infected cells were considerably lower (ϳ40 IU), correlating with the reduced replication of this variant (Fig. 1B) . However, this level was still 2-fold higher than the levels induced by the seasonal H3N2 virus. It could be argued that the attenuation of the ESEV virus in mammalian cells was influenced by type I IFN. However, this variant also replicated about 1 order of magnitude less well than the WT and RSKV viruses in IFN-deficient Vero cells, suggesting that its attenuation was not caused by enhanced IFN susceptibility (Fig. 4D) . These findings recapitulate the reportedly higher capacity of HPAIV-H5N1 viruses than of seasonal strains for type I IFN induction (6, 52) . In parallel, they suggest that the C-terminal motif does not play a major role in NS1-dependent inhibition of the type I IFN response by H5N1 viruses in human cells.
The VN/1203-WT, -ESEV, and -RSKV viruses show similar levels of virulence in mice and chickens.
To investigate the pathogenicity of the recombinant VN/1203 WT virus in a mammalian host, we determined the mean lethal dose by intranasal infection of BALB/c mice with decreasing doses of virus (Fig.  5A) . The survival data demonstrated that the 50% mean lethal dose (MLD 50 ) of the recombinant A/VN/1203-WT virus is less than 5 PFU per mouse, consistent with previous findings for the corresponding patient isolate (67) . In our experiments, mice either succumbed to the infection or had to be euthanized when they had lost more than 20% of their initial body weight.
For further studies, we measured body weight and clinical signs after infection with a low lethal dose of 5 PFU per mouse in order to detect small differences in morbidity and mortality FIG. 3 . Intracellular NS1 localization in human and avian cells. (Top left panels) Human A549 cells were transfected with 1 g of a plasmid encoding the NS1-WT, -RSKV, or -ESEV protein of VN/1203; 24 h later, the cells were prepared for staining with an NS1-specific rabbit antiserum and microscopic analysis. (Top center and right panels and bottom panels) Human A549 cells, chicken embryo fibroblasts (CEFs), and duck embryo fibroblasts (DEFs) were infected with the corresponding recombinant WT, RSKV, or ESEV virus at an MOI of 2. Cells were fixed at the indicated time points, permeabilized, and stained with a NS1-specific rabbit serum and suitable secondary antibodies. Cells were analyzed by confocal laser scanning microscopy. Bar, 10 m. (Fig. 5B) . The ESEV and RSKV viruses appeared slightly less virulent than the WT virus: a delayed loss of body weight and a slight increase in the mean time to death (MTD) were observed with the RSKV virus (MTD, 7.8 days postinfection [p.i.]) and the ESEV virus (MTD, 8.0 days p.i.) in comparison to the recombinant WT virus (MTD, 7.0 days p.i.). However, no differences were found in overall mortality, since no infected mouse survived beyond day 9 p.i. Subsequently, we studied the systemic spread of the three viruses by determining viral loads in different mouse organs 12 h, 3 days, and 6 days postinfection, but we found no major differences between the three recombinants ( Fig. 6 ). At 12 h, the viruses were recovered only from the lungs. Three days p.i., we were able also to isolate viruses from the heart and spleen. The lower titers of the WT virus than of the ESEV and RSKV variants in the heart did not reach statistical significance (P, Ͼ0.05 by Student's test). At day 6, viruses were also found in the brain, kidney, and liver. Again, we observed no significant differences in the organ titers between the three viruses.
For histopathological analysis, samples from the lungs were fixed with paraformaldehyde and embedded in paraffin. Lung sections were stained with hematoxylin and eosin, and viral antigens were detected by immunohistochemistry ( Fig. 7) . Lung sections of mice sacrificed at 12 hpi revealed no tissue damage or changes in comparison to the mock control (data not shown). However, lung samples obtained 3 or 6 days p.i. showed perivascular and peribronchiolar infiltrates of lymphocytes and some neutrophil granulocytes infiltrating the alveolar septa, in addition to some bronchial epithelial necrosis. Moreover, necrotic pneumonia with strong bronchiolar epithelial necrosis was found at day 6. The lumina of some bronchioles were filled with neutrophils and macrophages, as well as detritus. Accordingly, we detected viral antigen within type II alveolar and bronchiolar epithelial cells, with similar distribution patterns for the WT, ESEV, and RSKV viruses (Fig. 7) .
To study the pathogenicity of the influenza VN/1203-WT, -ESEV, and -RSKV viruses in an avian host, we infected groups of 6-week-old chickens (Gallus gallus domesticus) with 10 4 PFU by the intravenous (Fig. 8A and B) and oronasal ( Fig.  8C and D) routes. Oral and cloacal swabs were taken every day, and samples were analyzed by real-time reverse transcription-PCR (rRT-PCR) (25) . Most animals infected intrave- nously died within 1 day (10 of 10 animals infected with the WT or ESEV virus; 9 of 10 animals infected with the RSKV virus). The calculation of the intravenous pathogenicity index (IVPI) confirmed the high virulence in chickens and revealed almost no differences between the WT (IVPI, 3.0), ESEV (IVPI, 3.0) and RSKV viruses (IVPI, 2.99). Oronasally infected chicken survived for as long as 6 days, but still 3 of 5 chickens infected with either the WT or the ESEV virus and 4 chickens infected with the RSKV virus did not survive past day 2 p.i. The birds showed no visible symptoms until death, presumably due to the short infection period. On day 3, the fourth chickens in the WT and ESEV groups died, and on day 6, the last chicken in the ESEV group succumbed to the infection. One chicken each in the WT and RSKV groups survived until the end of the experiment, but their cloacal and oral swabs were rRT-PCR negative, and no seroconversion was detect-able in either bird, suggesting a lack of virus exposure. Thus, we concluded that all three viruses showed comparable virulence in the avian host regardless of the route of infection.
DISCUSSION
PDZ domains are found ubiquitously in the proteomes of higher eukaryotes; they are present in 0.2 to 0.5% of open reading frames in humans, Drosophila melanogaster, and Caenorhabditis elegans (21) . Their structural features mediate interactions with short C-terminal peptides in target proteins in a sequence-specific manner (59) . PDZ domain-containing proteins play important roles in various biological pathways involved in development and homeostasis, including the recruitment of proteins to specific membrane compartments and their assembly into supramolecular complexes, and in the establishment of cell polarity (21, 31, 36) . Given the shortness of PL motifs, which consist of only 4 to 5 amino acids, it is not surprising that pathogenic viruses and bacteria have evolved gene products with PL motifs to target cellular PDZ domaindependent protein networks (2, 24, 33) . One well-studied example is the human papillomavirus E6 protein, which binds the tumor suppressor protein Scribble, resulting in a loss of epithelial cell polarization and concomitant hyperproliferation (14) . Recent in silico analysis identified more than 80 addi- tional viral proteins with predicted C-terminal PDZ recognition motifs that potentially interfere with normal host cell functions (59) . Hence, PDZ domain-driven virus-host interactions may be considered an emerging field of research that can lead to an improved understanding of the strategies employed by pathogens to control the host cell.
The virulence of influenza viruses is a multigenic trait, but the viral determinants and pathogenic processes underlying FIG. 7 . Histopathological analysis of infected mouse lung tissue. BALB/c mice were infected with 5 PFU of the VN/1203-WT, -ESEV, or -RSKV virus and were euthanized 6 days postinfection. Prepared lungs were fixed with paraformaldehyde, embedded in paraffin, and sectioned. Tissues were stained with H&E or were antigen stained using a goat anti-influenza A polyclonal antiserum. Magnifications, ϫ10 for H&E-stained images and ϫ20 for antigen-stained images. H5N1 infections are only incompletely understood (7, 13) . By using reverse genetics, we assessed the concept that the PL motif ESEV, present in the NS1 proteins of many HPAIV-H5N1 strains but not in seasonal virus strains, confers diseaserelated functions and contributes to enhanced viral virulence (37, 46) . Thus, the properties of isogenic virus variants expressing NS1 protein with either the avian influenza virus-like ESEV motif, the human influenza virus-like RSKV motif, or a naturally occurring 10-amino-acid truncation were compared in vitro and in animal models. Growth curve analyses revealed that the avian ESEV motif attenuated viral replication on human A549 cells and murine NIH 3T3 fibroblasts, although viral protein synthesis was not affected during monocyclic infection. These findings suggest that the capacity to interact with PDZ domain networks actually hampers efficient replication of the VN/1203 virus on human cells, which may have led to the selection of this variant lacking the PL motif in the human patient. Length variations in the NS1 protein are not uncommon for human influenza viruses; C-terminal truncations of 10 to 13 amino acids can be detected in 1.4% of seasonal influenza viruses, isolated from human patients, that have circulated since the year 1918 (3). Also, the pandemic H1N1-2009 virus encodes a shortened NS1 protein of 219 amino acids, lacking 11 amino acids present in many seasonal strains. A recent study showed that this truncation hardly affects the replication and virulence of the pandemic H1N1 virus in mammalian hosts, confirming that influenza viruses can adapt so as to propagate efficiently without the functions executed by the NS1 C terminus (20) . Hence, there is no absolute requirement for the maintenance of a specific length of NS1 proteins in human strains, but further analysis will be necessary to determine the precise reasons for the occurrence of such variations. The NS1-PL motif abuts basic amino acids at positions 214 to 219 that, in other virus strains, are part of a nuclear targeting signal (44) . We therefore reasoned that the PL motif could affect various virus-supportive NS1 functions in the cytosolic and nuclear compartments by altering its intracellular localization. However, cell-based studies showed no effect on the nuclear accumulation of transiently expressed NS1 in human cells. We did note a surprisingly different and mainly cytosolic localization of the NS1-WT protein during the late stages of virus infection, which may be related to interactions with other viral and cellular components in the cytosol, such as viral RNP, RIG-I, or cellular translation factors (5, 43, 48) . The NS1-ESEV and -RSKV proteins differed only slightly from the WT in their intracellular localization during infection. Still, it is possible that the delayed withdrawal of the NS1-ESEV protein from the nucleus contributed to the attenuation of the corresponding virus in human cells. Given the presence of a functional NLS, it was similarly surprising that all three NS1 proteins remained in cytosolic aggregates of chicken and duck cells throughout infection, with only a small fraction entering the nucleus. Here the NS1 proteins localized to the nucleoli, although they clearly lack the C-terminal nucleolar targeting signal present in the NS1 proteins of older human strains (44), a finding that confirms a recent report (61) . The functional significance of the localization of NS1 to the nucleolus and the responsible targeting signal remain to be elucidated.
Experimental infections of mice showed that all three re-combinant VN/1203 viruses caused highly lethal infections, with only minor differences. The WT virus was slightly more virulent than the ESEV and RSKV variants, as judged by faster weight loss and shorter average survival time. However, no differences were detected in the 100% mortality on day 9, or in viral loads and spread to internal organs. The ESEV virus replicated to titers comparable to those of the WT and RSKV viruses and caused similar pathological changes in the lung.
These findings indicate that the specific C-terminal NS1 amino acids cannot be considered a major virulence determinant of HPAIV-H5N1 in mice, although the observed growth restriction in vitro was compensated for on the level of the infected animal. This notion is in full agreement with and confirms the predictions of a recent bioinformatics analysis, in which no significant association between virulence in mammals and the PDZ binding sequence ESEV or EPEV in the NS1 protein was identified (42) . Our study therefore documents a clear difference between HPAIV-H5N1 and two viruses in which the conversion of the C-terminal NS1 amino acids into a functional PL motif clearly decreased the lethal virus doses: the mouseadapted A/WSN/33 virus and a low-pathogenicity H7N1 avian influenza virus (32, 56) . Such a distinction in the control of viral pathogenesis between closely related viruses is not without precedent. For instance, a PDZ binding sequence in the Tax1 protein expressed by human T-cell leukemia virus type 1 (HTLV-1) was associated with enhanced proliferation of T cells, whereas this motif is absent in the homologous Tax2 protein of the less leukemogenic HTLV-2 (24, 66) . The severity of H5N1 disease in humans has been associated with an exaggerated cytokine response (6, 8, 11, 29, 53) , although a causative link has recently been questioned (12, 15, 51) . In fact, we did observe secretion of about 5-fold larger amounts of IFN-␤ from human lung epithelial cells following infection with the VN/1203-WT virus than following infection with seasonal H3N2 influenza virus. However, the increased IFN-␤ amounts secreted from H5N1 virus-infected human lung epithelial cells were not caused by a defect in NS1 function or by the PL motif, since all three NS1 variants efficiently inhibited the induction of the human IFN-␤ promoter. Clearly, further analysis is needed to determine whether the VN/1203 virus produces enhanced levels of viral gene segments with 5Ј-triphosphate ends that stimulate RIG-I-dependent signaling (49) or whether accumulation of the NS1 protein is delayed or is too low to prevent enhanced IFN-␤ secretion. Moreover, it will be interesting to compare the induction of cytokines by the three virus variants in the mouse lung in order to test for a correlation with the slightly delayed mortality for the ESEV and RSKV viruses.
The C-terminal PL motif in NS1 is conserved in the vast majority of avian influenza A virus strains, indicating that it is maintained to benefit virus propagation and/or spread in birds. Therefore, it was surprising to find no differences in the growth of the three variants in chicken cells and lower titers for the ESEV variant in duck cells. Moreover, infections of chickens via the intravenous or oronasal route showed indistinguishable high virulence for all three recombinant VN/1203 viruses. Thus, despite the conservation, there was little influence of the NS1-ESEV motif on the high pathogenicity of the VN/1203 virus in chickens. We consider two non-mutually exclusive explanations for those results. First, the contribution of the NS1-PL motif to viral fitness may have remained below the limit of detection due to the background of a highly pathogenic virus, with a multibasic cleavage site in the HA protein being a superior virulence determinant. Second, most avian influenza viruses propagate in a low-pathotype form in cells of the gastrointestinal tracts of feral birds belonging to the orders Anseriformes and Charadriiformes, such as ducks, geese, and gulls (47) . It is possible that those hosts, but not gallinaceous poultry like chickens, express one or more PDZ domain proteins that are recognized by the conserved NS1-ESEV motif and that regulate viral propagation and/or dampen pathological processes. In fact, while this article was in revision, Soubies et al. reported that the NS1-ESEV motif, in comparison to the RSKV variant, decreased the replication of a low-pathogenicity H7N1 avian influenza virus in the intestinal mucosae of ducks (56) . This phenotype was accompanied by reduced type I IFN induction and intensified excretion of ESEV virus, which, in principle, could confer an advantage by reducing inflammatory reactions and increasing the chances for viral spread. It should be possible to identify such a regulatory factor(s) once large-scale RNA interference-based screening technology becomes available for natural influenza virus host species (35) . Taken together, our results indicate that a PL motif at the C terminus of the NS1 protein has no major impact on the virulence of the highly pathogenic H5N1 VN/ 1203 virus in mice, in chickens, and possibly also in humans. Given the differing findings for mouse-adapted H1N1 and lowpathogenicity avian influenza viruses (32, 56) , we concluded that the ESEV motif in the NS1 protein modulates influenza virus pathogenicity in a strain-and host-dependent manner.
